Abstract Nuclear DNA replication requires the concerted action of hundreds of proteins to efficiently unwind and duplicate the entire genome while also retaining epigenetic regulatory information. Initiation of DNA replication is tightly regulated, rapidly firing thousands of origins once the conditions to promote rapid and faithful replication are in place, and defects in replication initiation lead to proliferation defects, genome instability, and a range of developmental abnormalities. Interestingly, DNA replication in metazoans initiates in actively transcribed DNA, meaning that replication initiation occurs in DNA that is co-occupied with tens of thousands of poised and active RNA polymerase complexes. Active transcription can induce genome instability, particularly during DNA replication, as RNA polymerases can induce torsional stress, formation of secondary structures, and act as a physical barrier to other enzymes involved in DNA metabolism. Here we discuss the challenges facing mammalian DNA replication, their impact on genome instability, and the development of cancer.
cyclins, and the kinases they activate, cyclin-dependent kinases (CDKs). A variety of cyclins and CDKs promote entry into S phase and initiation of DNA replication. CDK4 and CDK6 in complex with cyclin D act to phosphorylate retinoblastoma protein in G1, pushing cells past a ''restriction point,'' committing the cell to enter S phase. CDK4,6-Cyclin D-mediated expression of the E2F transcription factors stimulate the expression of critical S phase proteins including ribonucleotide reductase (RNR), which is required for dNTP production, as well as Cyclin E and Cyclin A [5, 6] . CDK2-Cylin E drives the cell cycle towards the G1 to S transition point through further Fig. 1 Assembling an origin of DNA replication. Following DNA segregation in mitosis, the heterohexameric ORC complex associates with DNA. Cdc6 and Cdt1 associate with DNA-bound ORC, which facilitates the loading of the MCM2-7 replicative helicase and forms the pre-replicative complex (pre-RC). In response to growth signals, the cell approaches the decision point to enter into S phase and commit to DNA replication. Cyclin A-CDK2 activity marks entry into S phase, phosphorylating Cdc6 leading to its relocalization to the cytoplasm. Cyclin E-CDK2 recruits Cdc45 to the assembled pre-RCs, which in turn leads to Mcm10 association, which is required for MCM2-7 activation. The GINS complex then binds Cdc45 and MCM2-7 to form a complete replicative helicase. The regulatory proteins Treslin and TopBP1 associate with pre-RCs, which are now capable of initiating replication, forming pre-initiation (pre-IC) complexes. Entry into S phase is also characterized by the activation of the Cdc7-Dbf4 kinase, which phosphorylates and activates many proteins associated with the pre-IC, and is required for origin firing. Supercoiling unwinds DNA at the origin in a Cdc45-dependent manner, and leads to the loading of downstream replisome components, including the clamp loader RFC (blue circle) and its target PCNA (pink circle), which associates directly with the DNA polymerases. Pola primase and the leading and lagging strand polymerases Pole and Pold all load onto the open DNA behind MCM2-7, forming a functional replisome phosphorylation of Rb and E2F expression. Cyclin A expression starts to accumulate right before the G1 to S transition, and is critical for DNA synthesis. The Dbf4-dependent kinase (DDK) then phosphorylates multiple components of the assembled pre-RCs, inducing origin firing and initiating DNA replication. These sequential waves of cyclin expression and activation in G1 coordinate entry into S and replication origin firing with the expression of factors required for timely and faithful DNA synthesis.
Defining origins of replication
In bacteria and S. cerevisiae, the ORC proteins, DnaA and ORC1-6, respectively, bind short, AT-rich tracts of DNA in a sequence-specific manner. However, in fission yeast and higher eukaryotes, ORC proteins do not exhibit any sequence specificity to guide DNA binding in vitro or in vivo [2] . As a consequence, early studies in metazoans yielded very few well-mapped replication origins. Without inherent binding specificity, epigenetic marks and the binding of accessory proteins such as chromatin regulators likely promote ORC association and pre-RC assembly, thus defining the location of replication origins. Subsequent to ORC binding, the replication licensing factors Cdt1 and Cdc6 then assemble onto the pre-RC, and also bind DNA without any apparent sequence specificity in higher eukaryotes [2] . While the specificity and determinants of ORC association with DNA have been extensively studied, it is possible that Cdt1 or Cdc6 interact with epigenetic modifications such as histone methylation or additional DNA binding proteins to specify replication origin location and/or spacing in metazoans.
One major approach to determine where pre-RCs assemble in mammalian systems is to define ORC binding to DNA genome-wide by chromatin immunoprecipitation followed by deep sequencing (ChIP-Seq). These studies have been complicated by the replication-independent roles of ORC, in particular its role in the establishment and maintenance of DNA silencing [7] . ORC associates with a number of epigenetic marks associated with silencing including H3K9me3, H3K27me3, and H4K20me3, and interacts with proteins such as HMGA1a and HP1 which are involved in establishing and maintaining heterochromatin [8, 9] . Much of ORC binding occurs in transcriptionally silent heterochromatic regions, including centromeres and telomeres [2, 10] . ORC binding at telomeres is important for heterochromatin formation and telomere stability, yet whether some of these telomeric ORC sites can also function as pre-RCs is less clear [11, 12] . As origins, ORC bound at telomeres does not appear to initiate DNA replication, yet the telomere repeat binding factor Trf2 stimulates ORC binding and promotes replication initiation at the EpsteinBarr virus origin of replication, oriP [13] .
Another approach for mapping replication initiation sites utilizes the biochemical purification of newly synthesized nascent DNA strands, and recent efforts couple this approach to genome-wide mapping technologies [14] [15] [16] [17] . Unlike physical association of pre-RC components, isolation of newly replicated DNA specifically measures active origins of replication and can be used to define replication timing. In multiple genome-wide studies, researchers have determined that metazoan replication is organized into ''zones'' of early or late replication, ranging roughly from 0.4 to 1 Mb in size [18, 19] . Organization of replication into large domains suggests that replication timing correlates with chromatin architecture, which is similarly organized into large regions or loops sharing genetic and epigenetic features [20] . Indeed, 3-D genome organization as measured by genome-wide chromosome conformation capture (3C) techniques reveals a high correlation between replication zones and self-interacting nuclear domains [21] . Further, early replication zones occur in gene-rich, actively transcribed regions and are enriched for several epigenetic markers of euchromatin [16, 19, 22] . Therefore, accessible chromatin state promotes early replication, and early replication zones can differ between distinct cell types [20] . Intuitively, replication initiation within accessible chromatin is logical, as DNA binding requires less energy than heterochromatic regions. However, accessible chromatin is active chromatin, with the DNA template already bound by factors regulating and promoting transcription. Indeed, early replication zones correlate with many marks of active transcription, including sites of DNase I hypersensitivity (DHS), H3K4 trimethylation found at active promoters, and even Pol2 association. The positive correlation between active transcription marks and early DNA replication raises the question as to how transcriptional activity and replication initiation are coordinated. In response to DNA damage, transcription of nearby genes is temporarily inhibited to suppress conflicts between transcription and repair machinery [23] . Further, prolonged exposure to the replication stress agent hydroxyurea globally inhibits transcription *10 %, yet a shorter exposure does not appear to have an effect [22, 24] . Thus, our current understanding of the effect of replication initiation on transcriptional activity is limited. Intriguingly, it has been demonstrated that double strand break repair suppresses transcription in cis of nearby loci in an ATM-dependent manner [25] . It will be interesting to determine if a similar process occurs during replication stress to promote efficient fork restart and suppress genome instability.
Though early replication and pre-RC assembly correlate with marks of active transcription, it seems highly unlikely that origins assemble at active promoter elements and transcribed exons. One possibility is that active RNA polymerases disrupt transient ORC binding within transcribed DNA, leaving intact only pre-RCs in adjacent chromatin. Another possibility is that pre-RC components are targeted to adjacent ''inactive'' DNA within the euchromatic domain by epigenetic, cis-, or trans-acting factors. Yet the initiation of DNA replication near active promoters coordinates the movement of replication and transcription in a co-directional manner, a compelling point raised by Knott and colleagues [26] . Furthermore, transcription factors can stimulate the activity of viral origins of replication from 2 to 50-fold [27] . It will be interesting to determine if general or tissue-specific transcription factors and coactivators also play a role in pre-RC assembly and replication initiation independent of their role in transcriptional regulation.
How dynamic is the process of pre-RC formation in G1? In mitosis, chromosomes are highly condensed and the DNA retains little to no higher chromatin organization, which is rapidly regained throughout G1 [28] . It is possible that pre-RC formation in mitosis and early G1 is highly dynamic, and transcriptional activity contributes to the removal of ORC from active DNA. In this model, pre-RC components loaded in telophase can load to active DNA, be displaced as transcription resumes, and reload prior to S phase. Time-course experiments examining ORC association and pre-RC formation can help determine if transcription shapes the origin licensing landscape. Future studies will determine whether pre-RCs are restricted from transcribed DNA by passive or active mechanisms, and identify the factors determining stable pre-RC assembly.
Origin licensing, activation, and replication stress
Origins fire in a stochastic manner each S phase and only a subset of origins are used in any given cell cycle [14, 29] . Multiple pre-RCs reside within each early and late replicating zone, which range from *400 kb to 1 Mb in size [19] . Yet replication initiates from only one or a few widely spaced origin firing events within each zone, indicating that activated origins can suppress the firing of nearby pre-RCs ( [30] , Fig. 2 ). But what are all of these additional pre-RCs for? One primary role for excess origins is to provide a new initiation site adjacent to a replication fork experiencing stress. Replication stress is a phenomenon that arises when genetic or environmental conditions lead to the replicative polymerase to move slowly and/or stall, potentially leading to fork collapse and generating DNA damage and genome instability. It can arise spontaneously from defects in replication initiation and elongation components, similar to replication stress-inducing drugs such as aphidicolin that inhibit the activity of DNA polymerase. A variety of checkpoint proteins guard against genome instability arising at replication forks, including all three major DNA damage response kinases ATR, ATM, and DNA-PKcs [31, 32] . The fork protection complex composed of Timeless, Tipin and Claspin travels with the replisome, to sense and initiate repair of DNA damage present during replication and mutations in these proteins also lead to enhanced replication stress [31] .
Replicative stress arising early in S phase induces dormant origin firing in regions with active replication while origin activity in late replicating regions is suppressed [33, 34] , and this process is dependent on the DNA damage checkpoint kinase ATR and activation of the downstream effectors CHK1, TopBP1 and the 9-1-1 checkpoint complex composed of Rad9, Hus1, and Rad1. ATR activation also stabilizes stalled replication forks by activating TopBP1 and the Timeless/Tipin/Claspin fork protection complex [35] . Thus, one important role for excess origin licensing is to re-initiate DNA replication near a stalled or collapsed fork to complete DNA synthesis surrounding the damage site ( Fig. 2b) . It is possible that not all of the potential preRCs, such as those located in the telomeric and centromeric heterochromatin, are able to initiate DNA replication. It would be interesting to determine if the origins in these highly repetitive regions are suppressed or fire more frequently following replication stress or local DNA damage.
Many drivers regulating entry into S phase are protooncogenes, and induce DNA damage from replication stress when overexpressed [36] . Overexpression of oncogenic RAS suppresses expression of the RNR component RRM2, leading to entry into S phase without sufficiently high levels of dNTP pools and results in replication fork stalling and genome instability that can be suppressed by the addition by exogenous nucleosides [37] . Replication defects and the resulting DNA damage foci induced by cyclin E overexpression can be alleviated by inhibition of transcription by cordycepin or the CDC7/CDK9 inhibitor PHA-767491, respectively [38] . These results directly link the replicative stress associated with oncogene activation to conflicts between DNA replication and transcription. Indeed, highly transcribed early replicating zones in murine B cells harbor replication stress-sensitive fragile sites that are commonly rearranged in B cell lymphoma and these sites are hypersensitive to overexpression of the oncogene c-Myc [22] .
Chromatin accessibility promotes replication initiation and genome stability
Similar to transcriptional activation, origin licensing also involves the concerted action of multiple chromatin modifying enzymes. While ORC can bind euchromatic and heterochromatic DNA, a more ''accessible'' chromatin state is necessary for the efficient loading of the MCM helicase. Recruitment of the histone acetyltransferase HBO1 to the pre-RC is required for chromatin decondensation and subsequent MCM2-7 helicase loading by acetylation of histone H4 [39, 40] . The chromatin remodeler Snf2 h also promotes MCM association and pre-RC licensing in a Cdt1-dependent manner [41] . Chromatin modifiers have also been shown to play an important role in origin activation. The histone deacetylase Rpd3 is a transcriptional regulator, acting as both a general and specific inhibitor of transcription as part of two functionally distinct complexes. While the ''large'' Rpd3 complex targets specific promoters to silence transcription, a ''small'' Rpd3 containing complex also inhibits spurious initiation at cryptic start sites following transcriptional elongation. Yeast lacking Rpd3 show increased DNA replication at early time points at normally late-firing origins, suggesting a role for H3 and H4 acetylation in regulating global replication timing [42] .
Epigenetic marks, primarily histone methylation, also contribute to efficient DNA replication progression and genome stability. H3 lysine 4 trimethylation (H3K4me3) is increased upon replication stress by treatment with HU, and elevated H3K4me3 also associates with later replication origins, normally suppressed during replication stress [34, 43] . The histone methyltransferase MLL1 induces H3K4 trimethylation, a mark associated with active gene promoters. MLL1 protein levels fluctuate with the cell cycle, undergoing proteasome-mediated degradation in S and M phases, and are stabilized in response to replication stress by ATR [43, 44] . In response to HU, Mll1 depleted cells no longer exhibit increased H3K4me3, and can no longer suppress DNA replication [43] . Thus, Mll1 protein Fig. 2 Organization of DNA replication in metazoans. a Metazoan replication begins with origin firing in early replication zones, which are co-incident with actively transcribed euchromatic DNA and marks associated with active transcription. Late replicating zones, which associate with heterochromatic regions, also contain replication origins that fire later in S phase to complete synthesis in a timely manner. b Regulation of replication initiation in response to stress. In the absence of replication stress, replication initiates (green circle) from only one or a few widely spaced origins in early replication zones. Many origins do not fire (black circles, left). Late-replicating regions also contain origins (black circles, right), which fire later in S phase to complete replication in heterochromatic zones. In response to replication stress early in S phase, additional origins near the stress site (yellow star) also fire (orange circles), while origin firing in latereplicating DNA is suppressed. Origin firing near damage sites can help ''rescue'' stalled or collapsed replication forks by reinitiating replication on the opposite side of the lesion, completing replication within the damaged region (left). Suppression of late-firing origins may also suppress genome instability by preventing the initiation of replication in new genomic locations during potentially unfavorable conditions. Origins in distant regions will fire after the stress signal abates, following successful repair or adaptation after prolonged checkpoint activation Replication stress and transcriptional activity 4549 stabilization by ATR is a key component of the intra-S phase checkpoint to replication stress, preventing the firing of late origins and maintaining genomic stability. Studies from the Aladjem lab have observed that H3K79 dimethylation is also found adjacent to replication initiation sites (Fig. 3) . Furthermore, depletion of DOT1L-the sole methyltransferase responsible for H3K79 methylationtriggers limited overreplication and activation of the DNA damage checkpoint [45] . Thus, there is a complex interplay between multiple epigenetic marks and chromatin remodeling events normally involved in transcriptional regulation that dictates origin location as well as influence firing and replication timing, and perturbations in these processes lead to replication stress-induced genome instability.
The interplay between replication initiation, transcriptional activity, and chromatin state
Why do metazoans initiate replication in transcriptionally active zones, rather than retain the discrete origins of replication based on sequence specificity as in lower eukaryotes? Unlike lower eukaryotes, metazoans undergo extensive development in embryogenesis from a single cell to differentiate into hundreds of distinct tissue types in the adult. Each cell type exhibits a unique transcriptional ''signature'' and therefore the most used genes can differ widely between cell types. Indeed, studies comparing replication patterns throughout development and between tissue types show a strong correlation to transcriptional activity and open chromatin state [46, 47] . The replication timing of the immunoglobulin heavy chain locus (IgH) changes throughout B cell development. At early B cell stages, prior to programmed VDJ recombination events to produce a functional antibody, the entire IgH region replicates early. However, in late stages of B cell development after successful VDJ rearrangement, the downstream variable genes that do not form part of the antibody transition to a late replication time, concurrent with gene inactivation [48] . Thus, it is likely that the rapid completion of DNA replication within heavily transcribed genomic regions is evolutionarily advantageous. In this manner, replication timing, while potentially more variable in middle and latereplicating regions, remains relatively constant within genomic regions where high rates of transcription are essential for cellular identity and function.
Replication timing and differentiation; chicken or the egg?
In embryonic development, cell differentiation, and somatic cell reprogramming, alterations in both the transcriptional expression patterns and replication timing profiles occur at the same time [46, 47] . Defects in replication initiation and progression have profound effects on development organismal viability; knockouts of cyclin E in mice result in embryonic lethality from defective placental development. Cellular proliferation also contributes to somatic cell reprogramming and induced pluripotent stem (iPS) cell fate, as more rapidly dividing cells are more easily induced to the iPS state. Further, mutations enhancing cycling also lead to more efficient reprogramming, and even stimulation to proliferate via growth factors and cytokines enhances the reprogramming capacity of normally inefficient hematopoietic stem cells (HSCs) [49] . These exciting results correlate high cellular proliferation with a potential for pluripotency, and suggest that DNA replication contributes to the establishment and/or maintenance of epigenetic alterations associated with pluripotency.
Establishing sufficient origins for early cell proliferation contributes to growth control and embryonic development, as hypomorphic mutations in replication initiation from mutations in pre-RC components lead to Meier-Gorlin syndrome, a form of primordial dwarfism and developmental abnormalities [47] . Replication elongation and maintaining fork integrity throughout S phase is also important for human development and disease. The helicase RECQL4 plays an essential role in replication and genome stability, and mutations in humans have been linked to Rothmund-Thompson syndrome, characterized by developmental abnormalities, premature aging, and skeletal defects [47] . Thus, defective or dysregulated replication initiation and elongation lead to distinct tissuespecific defects, and this may be a consequence of the intimate interplay between replication initiation and transcriptional activity.
Regulation of replication timing: a crossroads for transcription and DNA repair
The evidence tying transcriptional activity to replication timing is largely correlative; however chromatin state has been shown to directly influence replication timing, as histone acetylation promotes both an open chromatin state as well as early origin firing. Indeed, histone acetyltransferase (HAT) recruitment to an origin promotes firing from yeast to humans [40, 50, 51] . Further, recruitment of a histone deacetylase to an origin suppresses firing and delays replication [52] . Together, these results suggest that altering chromatin state influences origin firing and replication timing. However, recent studies in S. cerevisiae have shown a more direct role for transcriptional regulators in replication timing. The transcription factors Fkh1 and Fkh2, which regulate transcriptional elongation and silencing, promote early origin firing by recruiting a key initiation factor Cdc45 to pre-RCs [53] . Importantly, the role of Fkh1/2 in replication timing is independent of transcriptional activation, and provides the first direct evidence for transcription factors regulating replication timing.
First identified as a telomere binding protein in yeast, the DNA repair protein Rif1 also regulates DNA replication timing in both yeast and mammals [54, 55] . Mice deficient in Rif1 are born at a severely reduced frequency, and the few mice born exhibit lifespan and fertility defects. Further, Rif1
-/-cells are hypersensitive to replication stress, suggesting that Rif1 plays an important role in DNA replication [56] . Indeed, Rif1 depletion in mouse and human cells leads to a global alteration in replication timing, similar to results in the fission yeast Schizosaccharomyces pombe (S. pombe) [54, 55, 57] . Interestingly, Rif1 was shown to bind near late-replicating origins in S. pombe, potentially suppressing their activity while early replicating Rif1-deficient origins are activated [54] . Rif1 has also been shown to govern the choice between homologous recombination (HR) and non-homologous end-joining (NHEJ) in double-strand break (DSB) repair [58] [59] [60] [61] . Together with 53BP1, Rif1 suppresses DNA end resection at DSBs during G1, inhibiting Brca1 recruitment and promoting NHEJ-mediated repair. It remains unclear whether the role of RIF1 during replication and DNA repair are linked, though it is tantalizing to hypothesize that Rif1 association at DNA damage sites may delay replication initiation to promote repair prior to replication, suppressing genome instability.
DNA topology and replication stress
RNA polymerase translocates along the DNA concurrent with or in opposition to the replication fork, dependent upon the orientation of the coding DNA template. Multiple polymerase complexes may co-occupy a single gene body, and RNA polymerases can also stably bind promoter regions in a ''poised'' state, all of which may present problems for DNA replication progression. The highly dynamic and processive nature of RNA polymerase can induce multiple stresses on the transcribed DNA template that can be acutely problematic during DNA replication. The ribosomal DNA (rDNA) array in S. cerevisiae is one of the most well-characterized examples of replication stress generated by transcriptional activity. The rDNA provides all of the translational machinery for the cell, is composed of *150 highly expressed short coding regions packed together in the subnuclear compartment, the nucleolus. A physical barrier resides between each repeat unit-the replication fork block (RFB)-to prevent head-on collisions between RNA and DNA polymerase [35] . The protein Fob1 binds a specific DNA sequence at the 3 0 end of the 35S gene, altering the chromatin state and blocking replication progression from the 3 0 direction. Deletion of Fob1 or the RFB leads to extensive genome instability in the rDNA, resulting in deletions, amplifications, and episomal rDNA circles [62, 63] . Further, elegant studies in bacteria have shown that inverting transcriptional units to induce head-on conflicts with replication forks leads to proliferation defects and genome instability [64] . These defects can be suppressed by slower growth conditions like minimal media, suggesting that increasing the cell cycle time can alleviate such pressure. Thus, coordinating origin firing, replication timing, and transcriptional activity appears to be a conserved mechanism to maintain proliferative advantage and suppress genome instability.
Transcriptional activity can also induce topological strain on duplex DNA induced by unwinding to access the template strand, particularly in genomic regions containing multiple actively transcribed units. DNA supercoiling and unwinding can accumulate in regions of high transcription, at sites of transcription termination or start sites, respectively. Further, DNA replication stress correlates with convergent or divergent transcriptional activity, where either transcription termination sites or promoter elements reside very close to one another ([5 kb; [22] ). These observations argue that both supercoiling and under-wound DNA both contribute to genome instability in the context of DNA replication. Additional factors can exacerbate DNA stress at genomic locations generating supercoiling or under-wound DNA. Supercoiling is normally relieved by the action of topoisomerase enzymes that nick either one or both strands of the double helix to unwind or ''relax'' the DNA in an ATP-dependent manner. Topoisomerase poisons such as camptothecin (CPT) are commonly used chemotherapy agents. CPT intercalates at the DNA cleavage site and ''traps'' covalently bound Topo1 to nicked DNA, leading to genome instability in replicating cells [65] . Divergent transcription can also give rise to secondary DNA structures conferring genome instability. Here, closely located transcription initiation sites can lead to the appearance of long stretches of unwound DNA with ssDNA regions. Regions prone to forming secondary structures, such as hairpins, stem-loops or G-quadruplex regions form more readily in under-wound DNA. These hyper-stable structures rely on specialized enzymes such as the helicase Pif1 for unwinding [66] , and can block DNA replication progression due to the enhanced energy required for unwinding. Further, secondary structures also leave the unpaired strand as free ssDNA, which is much more vulnerable to damage from reactive oxygen species (ROS) or nucleophilic attack. Importantly, mapped human common fragile sites are highly enriched for these secondary structures, suggesting that they present potent blocks to DNA replication progression [67] .
Transcriptional activity, R loop formation, and replication fork collapse
The negative supercoiling behind elongating polymerase can also promote the formation of RNA:DNA hybrids, or R loops, by opening the duplex DNA and allowing for reannealing of the RNA to the template strand [68] . In particular, transcription within DNA exhibiting GC-skew where the template strand is rich in guanine is extremely prone to R loop formation [69] . R loops are an extremely common phenomenon and perform important functions in regulating transcription and maintaining genomic architecture. R loops form at the 3 0 end of genes in the untranslated region (UTR) and promote transcriptional termination and the release of mRNA molecules from template DNA [70] . Additionally, R loops form at CpG islands found in gene promoters, protecting from gene silencing mediated by DNMT3B1-dependent de novo methylation [69] . R loops exhibit stability greater than duplex DNA, and can impede both transcription elongation and replication if not efficiently processed.
A number of enzymes promote R loop dissolution, and suppress transcriptionally associated genome instability. Members of the THO/TREX complex, which couples transcription with mRNA export, were some of the first identified mutations linking RNA metabolism to genome instability [71] . Replication fork progression is impaired in THO complex mutants from increased R loops, and the resulting genome instability can be suppressed by overexpression of RnaseH1 [72, 73] . The helicase senataxin (SETX) unwinds R loops in both yeast and mammalian cells [74] [75] [76] . SETX acts in R loop unwinding to promote transcriptional termination, but also can suppress replication stress generated by R loops. Additionally, both the monomeric Rnase H1 and heterotrimeric Rnase H2 enzymes recognize R loops, cleaving the RNA component to leave intact duplex DNA. In mouse, deletion of the RnaseH2C subunit of Rnase H2 results in early embryonic lethality and genomic instability, stemming from increased ribonucleotide load in duplex DNA that triggers ssDNA breaks and the DNA damage response, similar to observations made in yeast [77, 78] . RNA splicing factors also contribute to R loop dissolution, as ASF/SF1 depletion leads to increased R loop accumulation and genome instability [79] . Further, Rnase H1 overexpression suppresses the mutagenesis and can delay the cell death following ASF/SF1 depletion, further supporting a role for alternative splicing in R loop dissolution. Another member of the TREX complex-DSS1-interacts with and stabilizes the HR protein BRCA2 [80, 81] . R loop accumulation has been observed in cells deficient for DSS1 or BRCA2, leading to defects in DNA replication and genome instability [82] . Importantly, BRCA2-deficient cells accumulate R loops in both replicating and non-replicating cells, indicating that BRCA2 plays an important role in R loop dissolution independent from the induction of replication stress.
But how do R loops generate DNA damage? Genetic studies performed in yeast demonstrated that proteins governing the intra-S phase checkpoint are required for THO mutant viability in response to replication stress [83] . More recently, evidence from E. coli shows that R loop mediated genome instability requires active replication [84] . Further, human cells depleted for the splicing factor SRSF1 (ASF/SF1) also induce a DNA damage response specifically in replicating cells. Indeed, a genome-wide screen for factors that increase phosphorylation of histone variant H2AX-an early mark of the DNA damage response-isolated multiple components of RNA processing, including proteins involved in splicing and spliceosome assembly [85] . Together, these results suggest that stabilized R loops induce DNA damage during replication, and R loop-mediated S phase genome instability is conserved from bacteria to humans. More recently, R loops have also been shown to induce genome instability during meiosis. Yeast lacking THO/TREX components accumulate unrepaired DSBs, exhibit both an activated DNA damage response and a decrease in successful meiotic cell divisions [86] . Further, C. elegans harboring a mutation in the THO homolog Thoc-2 are infertile, and exhibit defective meiotic DNA replication. Other enzymes involved in R-loop dissolution also lead to meiotic defects. Male mice deficient for SETX are infertile, and female fertility is markedly decreased, leading to decreased litter sizes [75] . Spermatocytes in SETX-deficient males arrest prior to meiosis I with unrepaired double-strand breaks (DSBs) and the absence of chiasmata that normally form after successful double-strand break repair. Together, these results highlight an important role for R loop dissolution in meiosis as well as mitosis.
While secondary DNA structures and R loop formation are two extensively studied inducers of replication stress and DNA damage, additional transcriptionally associated phenomena may also contribute to genome instability. Tightly bound proteins at unwound actively transcribed sites such as paused Pol2 or transcription factors may also impede replication progression, and further studies will dissect whether additional components associated with active transcription and repair also contribute to replicative stress and genome instability.
Dual-purpose proteins: transcriptional regulators involved in DNA repair
Multiple components of the PolII preinitiation complex (PIC) general transcription factor TFIIH are enzymes involved in nucleotide excision repair (NER). Mutations in these genes can give rise to a variety of diseases and cancer predisposition syndromes including xeroderma pigmentosum (XP) characterized by photosensitivity, Cockayne syndrome (CS), which also exhibits premature aging and impaired nervous system development. In transcriptioncoupled NER (TC-NER), DNA damage impeding transcription elongation is sensed directly by TFIIH and CSB, leading to PolII pausing and the recruitment of repair factors [87] . Genotoxic agents impeding replication fork progression such as camptothecin also inhibit RNA polymerase II elongation [88] . Interestingly, the NER helicase UvrD can ''push'' PolII backwards in bacteria, uncovering damaged DNA for repair [89] .
Recently, it has also been shown that NER components that are not a part of TFIIH are also found at sites of transcription, independent of DNA damage. The DNA damage sensor XPC is recruited to promoters upon gene activation, enhancing both H3K4 methylation and H3K9/ K14 acetylation and optimal RNA transcription [90] . Further analysis revealed that the structure-specific nucleases XFP and XPG are found at promoters and termination sites, interacting with the chromatin architecture protein CTCF to promote DNA looping [91] . Both XPC-mediated histone methylation and XPF-XPG-induced looping promote transcriptional activity. Intriguingly, XPG nuclease activity is required for looping and CG demethylation observed at both the promoter and terminator sequences of the RARa gene upon transcriptional activation. It would be interesting to determine whether R loops correlate with NER-occupied promoters, and if these two pathways interact in transcriptional activation. It is possible that NER proteins may act on R loops present at promoter sequences that influence DNA methyltransferase activity and regulate transcriptional activity [69] .
Early replicating fragile sites and transcriptional activity
Recently, we have identified a novel class of fragile sites associated with early replication (ERFS) that exhibit high rates of genome instability in response to replication stress. Interestingly, ERFS correlate with actively transcribed genes as measured by RNA-Seq, as well as chromatin signatures found at active promoters, including Dnase I hypersensitivity and H3K4 trimethylation [22] . Indeed, decreased transcriptional activity at discrete ERFS diminishes the genome instability, suggesting that firing origins in active chromatin can act as a double-edged sword under conditions of replicative stress. Promoter regions are more highly correlated with ERFS than exons, 3 0 untranslated regions or termination sites. Further, ERFS are enriched for GC content and CpG islands, which both correlate with gene-rich DNA and promoter sequences. Such a bias in where replication stress-induced DNA breaks occur may explain how translocations driving constitutive oncogene expression are generated. It will be interesting to determine which aspects of transcription contribute to or suppress genome instability in S phase.
ERFS do not correlate solely with high transcription, suggesting additional factors contributing to replicationinduced genome instability. ERFS map to similar genomic loci in WT and HR-deficient XRCC2 knockout B cells, though DNA aberrations occur at a higher frequency in the latter. Spontaneous DNA breaks also occur at ERFS in XRCC2 -/-cells, suggesting that ERFS experience replication stress even in the absence of exogenous agents, and spontaneous ERFS damage is repaired by the HR machinery. Fragile sites adjacent to early firing origins have also been identified in S. cerevisiae in mutant strains deficient for the S phase checkpoint kinases Mec1 or Rad53 [92] . Like ERFS, these sites also correlate with an increased incidence of repetitive elements, and one of the strongest sites identified-adjacent to ARS 310-contains two Ty retrotransposons in a head-to-head orientation [93] . ERFS in mammalian cells are also highly enriched for repetitive DNA elements including highly transcribed short RNAs, suggesting that they can present difficulties for replication fork progression, possibly due to the formation of secondary structures that are difficult to unwind, such as DNA hairpins.
ERFS, genome instability and B cell lymphoma
In B lymphocytes, R loop formation may play a particularly important role in genome instability. Mature B lymphocytes express activation-induced cytidine deaminase (AID) in response to cytokine stimulation, initiating class switch recombination (CSR) a programmed DNA rearrangement at the immunoglobulin heavy chain locus (IgH). AID deaminates cytidine residues in exposed singlestrand DNA regions, resulting in abasic sites that are excised form the DNA backbone and converted into ssDNA nicks by the apyrimidinic/apurinic (AP) endonucleases or the mismatch repair machinery [94, 95] . In CSR, AID induces DNA double strand breaks at two or more IgH loci, and the resulting double-strand breaks are repaired by NHEJ, deleting the intervening DNA. Strikingly, both active transcription and the formation of R loops are important for targeting AID to the repetitive, GC-rich switch regions upstream of the heavy chain coding exons. AID directly interacts with PolII, mediated by the transcription elongation factor Spt5 [96, 97] . Thus, the GC-rich nature of switch region DNA performs a two-fold task: (1) forming R loops to expose ssDNA loops and (2) provide a C-rich substrate for AID activity. Further, these results suggest that AID has the potential to interact with any actively transcribed genomic regions promoting R loop formation, and can lead to DNA damage outside the IgH locus. Yet R loops are not strictly necessary for AID activity and functional CSR. Unlike humans and mice, the Xenopus laevis switch region is AT-rich and not prone to R loop formation, yet can functionally substitute for a mouse switch region and stimulate CSR in the mouse in vivo [98] . Thus, while R loop formation increases the time the switch region DNA exists as ssDNA loops, it is not the sole mechanism responsible for AID targeting. Rather, R loops likely increase AID occupancy time by further stabilizing ssDNA loops initially created by active transcription then subsequently bound by RPA [94] .
Recently, a number of groups have used genome-wide mapping techniques to identify potential ''off-target'' AID damage sites. These studies have identified a number of genomic loci susceptible to AID-mediated DNA damage and translocation events to IgH, a hallmark of B cell lymphoma [99] [100] [101] [102] . Outside of IgH, AID localizes to other highly transcribed genomic regions, correlating genome-wide with ssDNA and paused PolII signals, indicating the machinery used for CSR also leads to DNA damage that can result in potentially oncogenic DNA translocations [101, 102] . Indeed, some ERFS are also AID ''off-site'' targets, and these shared ''hits'' are likely due to their mutual association with high transcription. It will be interesting to determine if replication and deamination act synergistically at these sites, generating high levels of genome instability in activated B cells.
However AID is not the sole source of transcriptionally associated DNA damage in B lymphocytes. In B cells lacking AID, extensive DNA aberrations are still observed at multiple ERFS in response to replication stress. Of note, the proto-oncogene Bcl2 is rearranged in many B cell cancers and frequently involved in activating translocations to IgH, yet the cause of these rearrangements was unknown. Interestingly, the genomic region harboring Bcl2 is acutely prone to replication stress, resulting in genomic aberrations and rearrangement events even in the absence of AID [103] . Further, constitutive expression resulting from translocations to IgH is thought to be the primary cause of follicular lymphoma [104] . Bcl2 is a potent oncogene, whose overexpression blocks apoptotic cell death of lymphocytes. Interestingly, Bcl2 has recently shown to induce replication stress through inhibition of RNR [105] . Thus, it is tempting to speculate that replication stress first induces DNA rearrangements leading to constitutive expression, which in turn generates additional genome instability. Furthermore, we observed a high overlap of ERFS with copy number variations mapped in human diffuse large B cell lymphoma (DLBCL) samples, but not with DNA deletions and/or amplifications mapped in T lineage acute lymphoblastic leukemia (T-ALL). Together, these observations suggest that ERFS represent sites of both ''spontaneous'' damage and of frequent rearrangement in lymphoma. These results suggest that the replication and transcriptional patterns specific to each cell type influence where DNA rearrangements occur, and may explain why cancers arising from different cell types share few if any genetic aberrations.
Concluding remarks/discussion
The processes of DNA replication and transcription are heavily intertwined in metazoans, particularly upon origin firing and entry into S phase, where highly transcribed euchromatic regions are the first genomic regions duplicated. Regulation of origin licensing, entry into S phase, and replication initiation are essential to genome stability, as dysregulation of these processes result in developmental defects, enhanced DNA damage response, and a predisposition to cancer. Strict regulation of these processes is of particular importance in highly proliferating cells such as B lymphocytes. Stimulated B cells undergo an enormous burst of transcriptional activity and massive proliferative expansion, and replicative stress induces potentially oncogenic genome rearrangements and translocation events [22] . Indeed, genes regulating entry into S phase are commonly dysregulated in a variety of cancers, including hematological malignancies [106] [107] [108] . Conventional cancer treatments including radiation therapy and chemotherapeutic drugs preferentially eliminate tumor cells by exploiting the DNA damage sensitivity of rapidly proliferating cells. Furthermore, specific cell types each have a distinct transcriptional profile that heavily influences both chromatin architecture and replication timing. These differences can influence where DNA damage occurs, rendering some regions more susceptible to breakage, as well as how lesions are repaired. Future studies will underscore the role replicative stress plays in the initiation and evolution of cancer, and how transcriptional activity contributes to replication-mediated genome instability in a cell type-specific manner. Such studies will delineate how cancer cells escape and adapt to existing cancer treatments, and will lead to the development of more effective therapies.
